Abstract. This study reports the transformation kinetics of the thermal decomposition of the iron(II) oxalate dihydrate studied in detail by two different techniques: the transmission Mössbauer spectroscopy and the nuclear forward scattering of synchrotron radiation. Both methods were applied to observe three steps of the decomposition process when the iron oxalate transforms to the amorphous iron oxide. The hematite/maghemite ratio was determined from the transmission Mössbauer spectra using an evaluation procedure based on a subtraction of two opposite sides of spectra. The results obtained indicate that the amount of hematite increases with an annealing time prolongation.
INTRODUCTION
Recently, iron oxides in magnetic form, i.e., maghemite, hematite and magnetite, have been intensely investigated due to a great number of their possible applications including solar water decomposition, drug transport, hyperthermia and magnetic separation. The thermal decomposition of iron(II) oxalate dihydrate, FeC 2 O 4 ·2H 2 O, is one of the easily accessible methods to obtain Fe 2 O 3 nanoparticles. The behavior of the decomposition process was reported in many studies [1] [2] [3] [4] [5] [6] [7] [8] .
It was observed by applying TG and DTA that during the heating of iron oxalate dihydrate there is firstly observed an endothermic reaction at temperatures between 150 to 200 °C, which is attributed to dehydration of iron oxalate, thus only FeC 2 O 4 remains [1, 6] . With an increase of temperature the dehydrated iron oxalate transforms on air into superparamagnetic amorphous Fe 2 O 3 and finally to a combination of maghemite and hematite whose ratio is dependent on many factors such as thickness of the sample [3] or temperature [4] . On the other hand, when heated up in an atmosphere of its gaseous products, the composition is different due to low concentration of oxygen [1, 8] . Such samples demonstrate the presence of magnetite and wüstite.
The nuclear forward scattering (NFS) is a method that utilizes Mössbauer effect in combination with a synchrotron radiation. In comparison with the conventional Mössbauer spectroscopy NFS has much shorter time of data acquisition. Actually, it shortens the acquisition time to only one minute. This makes NFS an excellent tool for the in-situ investigation of chemical transformations. In our research it was applied to observe early stages of transformation during heating of the iron(II) oxalate dihydrate.
In this paper we studied the transformation kinetics during the heat treatment based on the preparation method described in [4] . In order to characterize the composition of resulting samples and the transformation kinetics, the transmission Mössbauer spectroscopy (TMS) was used.
EXPERIMENTAL DETAILS
Iron oxalate with unit formula FeC 2 O 4 ·2H 2 O from Sigma-Aldrich company was homogenized in the mortar for 10 minutes. 1 g of prepared powder was placed into a ceramic cup with a bottom diameter of 2 cm and inserted into Table 1 . They were characterized by transmission Mössbauer spectroscopy at room temperature. All the TMS spectra were fitted using CONUSS software [9] which is mainly used to analyze NFS interferograms but it is also capable of analysis of the TMS spectra. Samples isothermally heated for 1 hour, 2 hours and for 3 hours were investigated also by powder diffraction in Bragg-Brentano configuration using PANanalytical X'Pert PRO diffractometer equipped with Co anode source. Diffraction patterns were accumulated in the 2 range of 5-115 degrees.
Nuclear forward scattering experiments were performed at the P01 station at PETRA III. Homogenized iron oxalate was placed into a sample holder with two mica windows. After that the sample was placed in the furnace and heated up to the temperature of 450 °C in two steps. First step was from 70 °C up to 300 °C with heating rate of 30 °C/minute. In the second step, afte Finally, at the temperature of 450 °C th accumulated after each minute during th
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The transmission Mössbauer spectra of samples S3-S13 were fitted using three component model where the first component, a doublet with a quadrupole splitting around 0.7 mm/s, corresponds to an amorphous Fe 2 O 3 . The other two components are represented by two sextets describing maghemite and hematite. The hematite sextet exhibits quadrupole splitting of −0.19 mm/s while maghemite quadrupole splitting is zero due to the cubic symmetry. Isomer shift, quadrupole splitting and hyperfine magnetic field with its distribution were fitted for all three components and also Debye temperature. Only for the samples annealed for 80 minutes and longer the isomer shift and the quadrupole splitting of the amorphous Fe 2 O 3 component were fixed at 0.218 mm/s and 0.9 mm/s due to low intensity of the doublet.
The obtained amounts of amorphous Fe 2 O 3 and magnetically ordered phase represented by two sextets are plotted in Fig. 2 . It is clearly visible that the amount of amorphous Fe 2 O 3 decreases at the expense of the magnetic components. However, the amounts of maghemite and hematite are strongly correlated with their widths of magnetic hyperfine field distribution. Therefore, in order to obtain information about the presence of maghemite/hematite ratio in the samples, different method of analysis of the Mössbauer spectra was devised.
This evaluation procedure only provides the information about the ratio of hematite to maghemite. It is based on the fact that zero quadrupole splitting in maghemite makes the spectrum symmetrical around its center. On the contrary, hematite exhibits nonzero quadrupole splitting producing asymmetrical sextet where first and sixth peak move in different direction in comparison with the remaining four peaks.
FIGURE 2. Relative amounts of components during isothermal heating.
Firstly, the center between second and fifth line in the spectrum is to be found. Then the left and right side of the spectrum, with respect to determined center, are folded. The area A S as the summed areas of first (A L ) and sixth (A R ) line is calculated (Fig. 3a) . In the next step, area A R is computed as absolute value of the difference of areas A L and A R (Fig. 3b) . The ratio R A of hematite to maghemite is proportional to the ratio of A S and
as the part of the spectrum which belongs to the symmetric sextet of maghemite is removed by subtraction while the asymmetric hematite peaks remain. The results show an increase of hematite in the sample with prolongation of the annealing time. Based on the results, we can identify three steps of the iron oxalate decomposition process. First is a formation of amorphous Fe 2 O 3 , next is a growth of small grains of maghemite and the final step is a structural transformation from maghemite to hematite. This procedure was applied to all the spectra and obtained hematite/maghemite ratio R A is plotted in the Fig. 4 . Three samples, S7, S10, S13, heated for one, two and three hours, were analyzed using the powder XRD. Their XRD patterns are shown in Fig. 5 . The XRD patterns were analyzed using Rietveld analysis and determined amounts of maghemite and hematite are shown in the Table 2 . The results obtained from XRD are in contradiction with the results from the Mössbauer spectroscopy where we observed the hematite/maghemite ratio reaching 1 after three hours of annealing. However, the results from XRD pattern exhibit only 7% of maghemite for the sample S7 (Fig. 5a ) annealed for one hour. Moreover, XRD pattern for sample S10 (Fig. 5b) exhibits maghemite amount below 1% and in the sample S13 (Fig. 5c ) there is only hematite present according to the XRD pattern. T developed maghemite particles which d with a development of magnetism. T diffraction pattern could be also influen have strong overlap with hematite diffra
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CONCLUSIONS
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to amorphous Fe 2 O 3 Fig. 6f-h ) and in the 50 °C approximately in the range between can be followed. The the results appear to spectroscopy, X-ray determined from the Mössbauer spectra using specifically developed analytical method utilizing the symmetry of a maghemite sextet. The results obtained from this method were not confirmed by X-ray diffraction which demonstrates the difficulty of evaluating the Mössbauer spectra comprising a mixture of hematite and maghemite nanoparticles. Three steps of the decomposition process were observed by Mössbauer spectroscopy. The early stages of the decomposition were followed by NFS. The results from NFS experiment are in an agreement with the ones obtained using conventional Mössbauer spectroscopy confirming the presence of the first two steps in the decomposition process. FIGURE 6. NFS interferograms accumulated during annealing.
